NMR evidence for an inhomogeneous transition between the ferromagnetic
  and antiferromagnetic ground states in Pr$_{1-x}$Ca$_{x}$MnO$_{3}$ manganites by Reis, M. S. et al.
ar
X
iv
:c
on
d-
m
at
/0
21
11
43
v1
  [
co
nd
-m
at.
mt
rl-
sc
i] 
 7 
No
v 2
00
2
NMR evidene for an inhomogeneous transition between the ferromagneti and
antiferromagneti ground states in Pr1−xCaxMnO3 manganites
M.S. Reis
∗
and V.S. Amaral
Departamento de Físia and CICECO, Universidade de Aveiro, 3810-193 Aveiro, Portugal
P.B. Tavares
Departamento de Químia, Universidade de Trás-os-Montes e Alto Douro, 5001-911 Vila Real, Portugal
A.M. Gomes, A.Y. Takeuhi, A.P. Guimarães and I.S. Oliveira
Centro Brasileiro de Pesquisas Físias, Rua Dr. Xavier Sigaud 150 Ura, 22290-180 Rio de Janeiro-RJ, Brasil
P. Panissod
Institut de Physique et Chimie des Matériaux de Strasbourg,
UMR 75040 du CNRS, 23 rue du Loess, 67037 Strasbourg, Frane
(Dated: November 16, 2018)
The low temperature behavior of Pr1−xCaxMnO3 manganites are known to undergo a transi-
tion at x ∼0.3, from an insulating ferromagneti state, at low Ca onentration, to an insulating
antiferromagneti state. Above the onset onentration for the harge-ordering eet (x ∼ 0.3),
a metal-insulator transition indued by an external magneti eld is also observed and related to
the ollapse of the harge-ordered state. In this paper we show that the ferro-antiferromagneti
transition takes plae in an inhomogeneous way: around the ritial onentration the sample is a
mixture of ferromagneti and antiferromagneti regions. The zero-eld NMR measurements show
that a fration of the ferromagneti regions is in a fast hopping regime, whih suggests that a small
fration of the sample ould be metalli, even in zero eld. This fration of fast hopping regions
is maximal at x =0.3, whih is also the onentration for whih the insulator-metal transition has
been observed in the smallest eld.
PACS numbers:
I. INTRODUCTION
The mixed-valene manganites AMnO3, where A is a
trivalent rare-earth mixed with a divalent alkaline-earth,
were the subjet of an enormous quantity of work [1℄,
in onnetion with the peuliar magneti and eletri-
al properties observed in these systems. Due to the
ompetition of several interations (double exhange, su-
perexhange, harge ordering, Jahn-Teller eet of Mn
3+
,
among others), a strong tendeny to phase separation,
with a large phase oexistene between the two phases,
appears in these ompounds.
In this diretion, Allodi et al. investigated the
La1−xCaxMnO3 [2℄, (LaMn)1−x/6O3 [3℄, LaMnO3−x [4℄
and Pr0.5Sr0.5MnO3 [5℄ manganites, using the NMR teh-
nique. They stressed out a phase oexistene around
the transition, from ferromagneti to antiferromagneti
phase, indued by eld, temperature or onentration.
In addition, they observed a peuliar magneti struture
revealed by the NMR spetra, signaling an inhomoge-
neous spin arrangement, possibly due to a oexistene of
ferromagneti and antiferromagneti lusters. Kapusta
et al. [6℄, Kumagai et al. [7℄ and Dho et al. [8℄ enfored
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the results reported by Allodi and o-workers.
Partiularly interesting is the Pr1−xCaxMnO3 system,
sine its phase diagram exhibit a rih variety of mag-
neti and eletroni strutures. Following the omplete
phase diagram established by Martin et al. [9℄ (gure 1),
a ferromagneti-insulator phase arises for x<0.27, with
Curie temperature TC and magneti moment at 4 K
around 100 K and 3.5 µ
B
/mol Mn, respetively. For
0.34<x<0.85, an antiferromagneti-insulator phase arises
for temperatures typially below 170 K, oexisting with
a harge-ordering state with onset temperature TCO be-
tween 200 K for x=0.35 and 100 K for x=0.85, and an as-
soiated metal-insulator transition indued by magneti
eld [10, 11℄. A signiant loss of magneti moment, om-
paratively to x<0.27, is observed for this onentration
range and this quantity at 4 K reahes 0.01 µ
B
/mol Mn.
Finally, for 0.27<x<0.35 a remarkable phase ompetition
between the antiferromagneti-insulator harge ordered
state and ferromagneti-insulator state arises. Note that
all values mentioned above are slightly dependent on the
sample preparation proedure.
Additionally, we an onsider the magneti and ele-
trial eets due to Ca
2+
-Pr
3+
substitution as a pure
valene eet [12℄, sine the A site ioni radius is kept
onstant through the series, i.e., Pr
3+
and Ca
2+
ioni
radii are rather similar: 1.179 Å for Pr
3+
and 1.180 Å
for Ca
2+
[13℄. However, in this series, even with the
A size onstant, the volume ell dereases as the ratio
2Mn
3+
/Mn
4+
dereases (inreasing x), in agreement with
the relation rMn4+ < rMn3+ [12℄.
In the present work we aim to explore the nature of the
magneti ground state through the onentration range
of phase ompetition, between the antiferromagneti-
insulator harge ordered state and the ferromagneti-
insulator state, using, for that, the zero-eld NMR teh-
nique.
II. EXPERIMENTALS DETAILS
The samples were prepared by the erami route, start-
ing from the stoihiometri amount of Pr2O3 (99.9 %),
CaCO3 (>99 %) and MnO2 (>99 %), and heated in air,
with ve intermediate rushing/pressing steps. The -
nal rushed powders were ompressed in ylindrial rods,
whih were sintered in air at 1350
o
C during 45 hours,
with a subsequent fast freezing of the samples. X-ray
diration patterns onrmed that the samples are a
single orthorhombi phase, with the spae group Pbnm.
The NMR experiments have been performed on
55
Mn us-
ing a broad band frequeny sanning spetrometer with
phase sensitive detetion. Spin eho intensity has been
reorded every 1 MHz in the frequeny range 170-530
MHz. The spetra were reorded at several values of the
radio-frequeny (RF) exitation eld. This proedure al-
lows to measure the NMR enhanement fator assoiated
with the transverse suseptibility of the eletroni mag-
netization and to orret the signal amplitude for this
enhanement fator.
III. RESULTS AND DISCUSSION
Figure 2 displays the spetra observed at 1.4 K for the
Ca onentrations x =0.20, 0.25, 0.30 and 0.32. Exept
for x =0.20, the observed signal is rather low and the inte-
gral intensity (gure 3) dereases by a fator 30 between
x =0.20 and x =0.32. This means that, in the latter sam-
ples, either the NMR enhanement fator, arising from
the transverse magneti suseptibility, is small - as in an
antiferromagnet - , or that only a part of the sample is
observed. Atually, the enhanement fator measured on
the spetra is in the range 50 to 100, whih shows that
the signal arises from ferromagneti domains. Thus, no
signal from antiferromagneti regions ould be observed
at the maximum available RF power.
In previous works [14, 15℄ the existene of a small resid-
ual ferromagneti omponent above x =0.3 has been as-
signed to a possibility of a small anting of the moments
in the antiferromagneti state. In suh a ase, all the Mn
nulei would have been observed and the derease of the
NMR signal would have been due to the derease of the
enhanement fator assoiated with the derease of the
eetive ferromagneti moment. The present measure-
ments show that the enhanement fator does not de-
rease. It even inreases from 50 to 100 between x =0.20
and x =0.32. Therefore, we an unambiguously on-
lude that the samples always ontains some ferromag-
neti parts and that the small residual moment in the an-
tiferromagneti state is due to the inhomogeneous har-
ater of the ferro-antiferromagneti transition.
Assuming that the whole sample is ferromagneti for
x =0.20, the measured intensity for x =0.32 shows that
a volume fration of about 3% of the sample is still ferro-
magneti, in agreement with the residual ferromagneti
omponent measured on standard magnetization urves.
A detailed analysis of the magneti and thermal proper-
ties of this Pr1−xCaxMnO3 manganites is disussed else-
where [16℄.
Whether the magneti inhomogeneity of the samples
is intrinsi or extrinsi is a matter of disussion. In-
deed, it an be speulated that the residual ferromag-
neti fration in the antiferromagneti phase arises from
the presene of defets and/or impurities, but, onen-
tration dependene? However, the intrinsi utuations
of omposition in a random alloy an also explain the
observation as shown below.
Let us assume that dm is the minimum diameter for
a statistial luster to show ferromagneti or antiferro-
magneti order. In other words, dm is a typial oher-
ene length for the magneti order. Be n the number of
formula units within a sphere of diameter dm, and, on
average, suh spheres ontain m = nx Ca atoms. Let
us now assume that xc is the ritial loal onentra-
tion, above (below) whih the sphere shows an antifer-
romagneti (ferromagneti) oherene. Correspondingly,
mc = nxc is the ritial number of Ca atoms within the
sphere above (below) whih the sphere is antiferromag-
neti (ferromagneti).
However, there are statistial onentration utua-
tions between the spheres. For a sample with nominal
onentration x, the probability Px,n(k) to nd k Ca
atoms inside a sphere of diameter dm, is given by the
binomial law:
Px,n(k) =
n!
k!(n− k)!
xk(1− x)n−k (1)
and the probability Pf (x) to nd a ferromagneti sphere
is:
Pf (x) =
mc∑
k=0
Px,n(k) (2)
Considering that n is most probably large, a ontin-
uous approximation for the binomial probability an be
safely used in the form of the normal distribution:
Px,n(y) =
1√
2pi[x(1 − x)]/n
exp(−
(y − x)2
2[x(1− x)]/n
) (3)
where y = k/n is the loal onentration within the
sphere. The average value 〈y〉 = x and variane σ2 =
3x(1−x)/n of the normal distribution takes the same val-
ues as those of the binomial law.
Then, the fration of ferromagneti phase in a sample
with nominal Ca onentration x is :
Ff (x) =
xc∫
0
Px,n(y)dy (4)
Ff (x) =
1
2
{
erf
[√
n
2x(1− x)
(xc − x)
]
+
erf
[√
n
2x(1− x)
x
]}
(5)
where erf is the error funtion, with xc and n ating
as free parameters. This funtion Ff (x) is entered on
xc, with a width
√
xc(1− xc)/n. Although we have
not enough data points to make an aurate t, we an
estimate that the minimum number of formula units
ontained in ferromagneti lusters is of the order of
n =150. Additionally, the ritial loal onentration
xc = 0.24 above (below) whih an antiferromagneti (fer-
romagneti) order is established, was also found. Figure
3 presents the normalized spetra integral intensity, on-
sidering that x =0.20 is fully ferromagneti. The solid
line is alulated from Eq.5.
As to the spetral shapes, they are nearly idential at
both ends of the studied onentration range (x =0.20
and x =0.32). They show a narrow line at 320 MHz and
a broad strutured hump in the 370-440 MHz range. As
the samples are insulators, one indeed expets two lines
arising from the
55
Mn nulei: a line from the Mn
4+
sites
around 300 MHz, and a line from the Mn
3+
sites around
400 MHz. The broadening of the upper frequeny line
is understood as arising from the Jahn-Teller distortion
around the Mn
3+
sites, whih indues magneti and ele-
tri anisotropies. However, the observed intensity ratio
of the two lines is not that expeted from the harge
balane: an intensity ratio of x/(1-x) is expeted be-
tween lower (Mn
4+
) and upper (Mn
3+
) frequeny lines,
whereas the observed intensities are about equal. The
reason for the disrepany has to be found in the ex-
istene of a
141
Pr line around 320 MHz. Indeed, the
141
Pr resonane has been identied in this low frequeny
range in a previous study of the Pr1−xCaxMnO3 system
[15℄. Then, the expeted ratio between the lower (Pr
3+
and Mn
4+) and upper (Mn3+) frequeny lines is 1/(1-
x), in muh better agreement with the observation. Fig-
ure 4 shows a t of the spetrum observed for x =0.20,
using two gaussian lines for Pr and Mn
4+
around 320
MHz, and a quadrupolar split spetrum inluding mag-
neti anisotropy for Mn
3+
, entered at 400 MHz. The
relative integral intensities of the three lines are in the
ratio 0.84/0.21/0.75, in rather fair agreement with the
(1-x)/x/(1-x) ratio expeted from the harge balane.
As mentioned above, the spetrum observed for
x =0.32 is nearly idential to the one observed for
x =0.20, even though its integral intensity is 30 times
smaller. This means that the residual ferromagneti re-
gions have a Ca ontent lose to 20 %. The slight hange
of shape of the Mn
3+
line (380-420 MHz) an be ex-
plained, from the simulation we have made, by a rotation
of 90 of the easy axis with respet to that in the totally
ferromagneti sample.
By ontrast, the spetra for the intermediate omposi-
tions are signiantly dierent, as they show a signiant
intensity peaking in the intermediate frequeny range
360-380 MHz (see gure 2).
55
Mn NMR has been ob-
served in this range in metalli manganites [17℄. Indeed,
in samples where the hopping rate is fast (faster than the
NMR frequeny), it averages the hyperne eld for the
two ioni ongurations, resulting in a single line at the
enter of gravity of the two
55
Mn lines observed in in-
sulating samples. This mere observation shows that the
two samples with x =0.25 and x =0.30 embed regions
where the hopping rate is fast, even in zero eld. The
fast hopping signal is maximum for x =0.30, whih is
in agreement with the fat that this sample shows also
the lowest eld for the insulator-metal transition [10℄.
Whether the fast hopping regions are metalli or not is
still an open question. Considering the intensity of the
fast hopping line, whih is at most 1/3 of the total in-
tensity, one an dedue that it orresponds to a volume
fration of 5% for x =0.30. This would be too small a
fration to make the whole sample onduting.
IV. CONCLUSION
There are already a number of experimental evidenes
for the oexistene of two phases around the various tran-
sitions exhibited by the mixed-valeny manganites sys-
tems (see Ref.[1℄ and referenes therein). The present
study has shown that this is also the ase for the transi-
tion between the insulating-ferromagneti state and the
insulating-antiferromagneti state in Pr1−xCaxMnO3.
Although the extrinsi nature of the phase admixture
annot be exluded, we have shown that a statistial
model that takes into aount the onentration utu-
ations in a random homogeneous alloy, an explain the
observed results. The volume fration of the ferromag-
neti phase observed by NMR agrees with that alulated
within the model provided here, where a ferromagneti
(antiferromagneti) order establishes in a statistial lus-
ter with a loal Ca onentration smaller (larger) than
x =0.24. The minimum oherent size of suh lusters
would orrespond to about 150 unit ells.
In addition, we have evidened, in a limited onentra-
tion range of fast hopping, possible metalli regions in a
virgin samples and zero external magneti eld. The vol-
ume fration of these "metalli" regions is, at most, 5 %.
The maximum fration is observed for x =0.30, whih is
also the onentration that requires the smaller external
magneti eld to indue the insulator-metal transition.
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VI. FIGURE CAPTIONS
Figure 1 - Magneti and eletrial phase diagram for
Pr1−xCaxMnO3. After Martin et al. [9℄.
Figure 2 -
55
Mn zero eld NMR spetra in
Pr1−xCaxMnO3 at 1.4 K, for x =0.20, 0.25, 0.30 and
0.32. This range of onentration over the region of the
phase diagram where ferro and antiferromagneti order
oexist.
Figure 3 - NMR integral intensity vs. onentration.
The losed irles represent the ferromagneti fration of
eah sample obtained from the integral intensity of spe-
tra, whereas the solid line represent our statistial model
for onentration utuations in a random homogeneous
alloy (Eq.5).
Figure 4 - Zero eld NMR spetra at 1.4 K, for x =0.20.
The solid lines represent the Gaussian t of eah reso-
nane peak.
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